Abstract We report on low-order harmonic generation utilising the plasmonic field enhancement in arrays of rodtype gold optical antennae. Furthermore, we examine their suitability to support high-order harmonic generation (HHG). The low-order harmonics are used as a tool to investigate the nonlinear properties of the antennae. Particular attention is paid to the thermal properties, which become significant at the peak intensities necessary for HHG. A theoretical model explains the experimental findings and enables future improvements. In experiments we observe up to the fifth harmonic order and measure a field enhancement sufficient to support high-order harmonic generation. Moreover, we find a damage threshold for the antennae.
Introduction
For radio frequencies and in the microwave regime, antennae are widely used for various applications. In the visible spectral range, however, the concept has only recently been introduced [1] . Optical antennae offer a wide range of applications though, ranging from the extreme concentration and manipulation of light [2] , nonlinear optics [3] to the generation of high-order harmonic radiation [4] . This process is of particular interest because it paves the way for experiments on attosecond time-scales [5] , e.g. among other things, new measurements in fundamental physics to study electron dynamics in molecules. Moreover, it enables the extension of the frequency comb technique [6] in high-precision spectroscopy to the ultraviolet regime. However, its extension to this spectral range is challenging due to the low conversion efficiency of the HHG process. To circumvent this issue and to increase the harmonic photon flux, external enhancement cavities have been developed and investigated extensively [7 10 ]. By employing a plasmonic resonance in optical nano-antennae, an alternative approach for HHG directly from a laser oscillator is envisaged [4] . Various challenges such as atomic line emission [11] also make this technique complicated. A successful implementation of this novel scheme, however, would bridge the gap between two different fields of physics: plasmonics with typically low pulse energies and structure dimensions in the nanometre regime on one hand and high-field physics with peak intensities in excess of 10 14 W cm -2 on the other.
Here, we present a detailed analysis of rod-type optical antennae with respect to their suitability to support HHG. Low-order harmonics are used as a tool to investigate the nonlinear properties of the antennae. Particular attention is paid to the thermal properties, which become significant at the peak intensities necessary for HHG. Using a theoretical model, we are able to explain the experimental findings, giving rise for future improvements. Figure 2 depicts the experimental setup. A Ti:sapphire oscillator (Venteon, Pulse one) delivers pulses with a pulse duration of 15 fs and a pulse energy of up to 5 nJ centred at 825 nm. The pulses are negatively chirped by several bounces on dispersive mirrors (DCM) to compensate for dispersion added later, i.e. a vacuum window, an achromatic lens, and the substrate. The dispersion is fine-tuned via a pair of thin fused silica wedges. Finally, a telescope with a ratio of 1:3 expands the beam size to enable tight focussing with a variety of achromatic lenses. The lens is mounted on a translation stage to adj ust the focal position as indicated by the green arrow, without breaking the vacuum. The focal spot size ranges from 12. 4 [12, 13] . Finally, a PMT capable of single photon counting (Hamamatsu H8259-09) is used in combination with a photon counter (Scientific Research SR400) to measure the third harmonic signal behind the exit slit. shape with a diameter of 25 ~as can be seen in the SEM image inset in Fig. 1 or in the third harmonic map in Fig. 2 . A detailed SEM picture of the antennae prior to illumination with the laser beam is shown in Fig. 6a .
Experimental setup
We use the third harmonic from the nano-antennae to optimise the focal position as well as the alignment of the antenna array relative to the laser focus. High vacuum is necessary for the propagation of higher harmonic orders. During the experiments the vacuum chamber is therefore kept at a background pressure of 1 X 10-6 mbar.
3 Results and discussion
Low-order harmonics
A strong third harmonic signal is measured when the laser focus is aligned to a nano-antenna array as expected from other experiments [3, 14] . Figure 2 shows an image, where the laser focus has been systematically scanned across an antenna array. On the antenna array the third harmonic eiDJssJon is significantly enhanced with respect to the surrounding material. Moreover, inhomogeneities within the array become apparent. For example, the antennae in the upper left corner exhibit a lower enhancement, which is caused by antenna destruction as described later. The intensity enhancement factor in the gap region of the antennae has experimentally been determined to be in the order of 10 2 by comparing the third harmonic signal from the antenna arrays with that of the bare substrate. A typical spectrum of the emitted third harmonic radiation is depicted in Fig. 3 with the central wavelength matching perfectly to the wavelength of the driving laser of 825 nm. By scanning the laser focus along the z-direction, it was confirmed that the third harmonic is generated at the interface between the substrate and the ambient vacuum. Additionally to the third harmonic, we also observe the fifth harmonic plotted in Fig. 4 . The spectrum is corrected for the detection efficiency set by the grating and the electron multiplier and was taken under vacuum conditions with a background pressure of 1 9 10 -6 mbar. The harmonic orders of the driving laser are indicated by grey background shading, with the fifth harmonic located at 165 nm and the seventh at 118 nm. The width of the shading is determined from the fundamental laser spectrum. A pronounced peak is measured at the fifth harmonic, which reveals a ratio of 10 -4 in comparison with peak signals from the earlier THG measurements. A significant decrease is expected from theoretical calculations and also agrees with earlier results [15] . Due to the symmetry of the system only odd harmonics are generated; and consequently, no even harmonics are observed in Fig. 4 . Moreover, the harmonic signal originates from the surface as no gas was fed onto the sample. More importantly, it confirms the resonant enhancement of the incident electric field and thus the feasibility of high-order harmonic generation. Figure 5 shows the harmonic signal at 164 nm as well as an exponential fit as a function of the illumination time. We observe an exponential decrease of the harmonic signal, which saturates at about 40 % of its initial value and increases again after translating the sample to illuminate a fresh spot within the antenna array. Despite the substantial decrease, the remaining enhancement of the nano-antennae is still sufficient to support low-order harmonic generation. The decrease of the harmonic signal is caused by melting of the nano-antennae as depicted in the SEM images in Fig. 6 . Figure 6a shows the antennae prior to illumination with the laser beam with clearly identifiable rod-type optical antennae separated by a gap. After illumination however, the antennae have melted into pronounced blobs which are visible in Fig. 6b . This also leads to a significantly increased gap size and hence a reduced electric field enhancement. Consequently, the nonlinear signal is also reduced. A similar destruction with a dramatically reduced nonlinear signal or even the complete absence has recently also been reported by Park et al. [16] in a similar experiment. At the incident intensities this behaviour is understood by a simple theoretical model presented in the following.
Thermal stability

Theoretical model
By solving the diffusion equation and taking the heat of fusion of gold into account, the temperature increase of the nano-antennae is calculated for successive laser pulses on different substrate materials. All relevant material parameters are given in Table 1 . The respective laser and antenna parameters are taken from the experiment and are listed in Table 2 . Only one pair of antennae is considered in the calculation and as a first approximation, the exact temperature distribution in the antenna is neglected and a spatially averaged heat source density is used. Moreover, heat diffusion from the antenna into the substrate material is the predominant cooling process due to the orders of magnitude larger thermal conductivity of, e.g. sapphire or fused silica in comparison to the surrounding medium. Solving the diffusion equation is therefore reduced to a one dimensional problem, which can be implemented much more easily [17] . Figure 7 shows the calculated temperature for a gold antenna deposited on a fused silica substrate. As expected, the antenna experiences a steep temperature increase after illumination with a single laser pulse. Subsequently, the antenna cools down due to heat diffusion into the substrate. This cooling scheme is primarily governed by the thermal conductivity of the substrate material and substantially faster cooling occurs in case of a sapphire substrate. Nonetheless, even for fused silica the antenna cools down shortly after the laser pulse bits the antenna, the melting temperature of gold is clearly exceeded and melting of the antenna becomes a likely damage process. Experimentally we found a damage threshold for the antennae between 2.5 x 10 11 and 5.4 x 10 11 W cm-2 , which was reproduced by the simple model giving an intensity of 3.6 x 10 11 W cm-2 • It can therefore be used to find thermally more stable antenna parameters.
Conclusion
In conclusion, we have shown that rod-type nano-antennae manufactured with electron beam lithography facilitate an intensity enhancement in the gap region in the order of 10 2 .
79
Low harmonic orders are observed in the experiment which demonstrate the level of field enhancement. Currently melting of the antennae limits further applications at the incident intensities, which are aimed to generate high-order harmonics via an interaction with noble gases in the gap region. A simple theoretical model is in agreement with the experimentally found results. It therefore allows the determination of thermally more stable antenna parameters by inc01porating thermally induced damage into the design process.
